Laser drilling is one of the promising techniques to modify layers, but the interaction of composite materials with the laser radiation is non-trivial and hardly predictable. In this work, the experimental study of laser processing, that was applied to enhance porosity and thereby the length of three-phase boundary of plasma-sprayed YSZ-NiO-Ni cermet layer, is presented. For a better understanding of radiation interaction with composite materials the drilling was accomplished with different laser irradiation doses (1.57-4.2×10 5 J/cm 2 ) with two different laser systems. The diameter and shape of the laser drilled holes were analyzed with a scanning electron microscope (SEM) while changes of the elemental composition of the spatter versus conditions of irradiation were defined by energy dispersive X-ray analysis (EDX). It has been found that geometrical dimensions of the drilled holes as well as composition of the spatter vary non-monotonously with the laser irradiation dose. The threshold values of the laser irradiation dose for the optimal diameter of holes are reported.
Laser micro-structuring techniques can be used to improve the porosity and length of the three-phase boundary of anode. Laser ablation is a non-contact, precise and efficient technique [11] applicable to form the holes in various ceramics and metal coatings [12] [13] [14] [15] . Laser drilling technique has been already used for drilling of green ceramics and ceramic coatings [3, [16] [17] [18] [19] . One of the ways to improve ceramics drilling efficiency is to use additional laser radiation absorbing pigments. In ref. [18] the absorbance of laser irradiation was improved by including organic matter (acrylic polymers). It was reported that the laser drilling procedure was much faster when organic matter was used, since samples after sintering were less absorbing.
The aim of this research was to synthesize YSZ-NiO-Ni coatings by the plasma-spray method, accomplish laser drilling of the formed coatings to produce micron size channels in YSZ-NiO-Ni coatings, which will increase the porosity of coatings and the length of the three-phase boundary of coating. The plasma sprayed coatings were treated using different parameters with two industrial laser Nd:YVO 4 and Nd:YAG systems working at the wavelength of 532 nm. The nanosecond lasers were chosen due to their excellent beam focus ability, precision in machining large areas and accuracy in the iteration of the process. Similar nanosecond laser working at the repetition rate of tens of kilohertz has shown successful results of ablation of ceramics in the previous work of J. Gurauskis et al. [18] . The irradiation at wavelength of 532 nm instead of 1064 nm was chosen for better material absorption of laser radiation. Shape and linear dimensions of the drilled holes as well as changes in the elemental composition of the spatter were analyzed to define a threshold of laser irradiation energy for effective drilling.
For a better understanding of radiation interaction with the composite material the drilling was accomplished with different laser irradiation doses using two different laser systems. The diameter and shape of the drilled holes were analyzed by SEM while changes of the elemental composition of the spatter versus conditions of irradiation were defined by EDX.
Experimental procedure
Mixture of yttria-stabilized zirconia (YSZ) and nickel oxide (NiO) powders was plasma sprayed on alumina substrates. YSZ powder (H. C. Starck) with a diameter less than 40 μm and NiO powder (MERCK) with a diameter of approximately 6 μm were used. The mixture of YSZ and NiO was prepared by stirring a mixture of powders (60 wt.% YSZ and 40 wt.% of NiO). The equipment used for the arc plasma generation and deposition of YSZ-NiONi coatings consisted of a plasma gun SG-100 (Miller Thermal Inc.) mounted in a water-cooled vacuum chamber, a cooling substrate holder and a powder feeder. Argon gas was used for plasma forming and as a carrier gas. The argon gas flow rate was 25 l/min, current of the plasma torch was 500 A at voltage of 35 V. The powder feed rate was 10 g/min. The stand-off distance of the sample from a plasma gun was 30 cm. Pressure in the chamber during arc plasma spray was 1300 Pa. The thickness of synthesized coating was evaluated with an optical microscope from cross-section photos and it led to a thickness of 20 μm. The open porosity of coatings on the alumina substrate was 7.9 %. More experimental details on the synthesis of coatings can be found elsewhere [8, 20] .
The experimental setup for laser treatment of deposited coating is given in Fig. 1 . The beam delivery path included: the attenuator, the beam expander with a variable magnification factor and collimation option and focusing objective mounted on the z axis. The sample was placed on the xy positioning stage. The two different diode-pumped lasers NL220 and NL15100 (Ekspla Ltd.) were used in the experiments within the same experimental setup. The parameters of the lasers are given in Table 1 . Spot size on sample, μm 28 28
The effect of laser parameters on the hole shape and diameter was determined from the laser drilling experiments using different laser irradiation doses (1.57-4.2×10 5 J/cm 2 ) and different count of pulses (1-10 4 ). The microstructure of the synthesized coating was examined by the X-ray diffraction method (XRD). The XRD analysis was done with a DRON 3.0 diffractometer using θ-2θ Bragg-Brentano geometry and Cu Kα radiation (λ = 0.15 nm).
Elemental composition of the coating (before and after laser drilling) was determined by EDX. Surface morphology and EDX analysis of the samples were done with a SEM Quanta 200 (FEI). The area and shape of the drilled holes were evaluated by image-analysis software ImageJ using pictures recorded by both the SEM and the optical microscope. The shape of holes was evaluated with a confocal microscope Zeiss Confocal LSM510. The surface roughness of plasma sprayed YSZ-NiO-Ni coatings was measured with a surface roughness tester TR200. Fig. 2 presents XRD analysis results of the substrate and arc plasma sprayed coatings. The typical peaks for the alumina substrate and for the YSZ-NiO-Ni coating are marked. The crystalline cubic phase YSZ and NiO as well as Ni, which originates from decomposition of NiO, can be identified in the XRD patterns. This type of coatings can be described as YSZ-NiO-Ni cermets coating with metallic conductivity -the necessary attribute for the SOFC anode [1] . According to the EDX measurements, the coatings mainly consist of Ni or NiO (nickel -49.51 norm. wt. %, oxygen -37.14 norm. wt. %, zirconium -6.8 norm. wt. %, yttrium -0.9 norm. wt. %). The initial mixture of powder consists of YSZ with much larger diameter particles than the NiO par-ticles, which may lead to non-uniform distribution of the elements. The laser drilling was performed on the same sample by varying the number of pulses and applied power and the period between the drilled holes was 100 μm.
Experimental results

Processing by using the NL220 laser
According to the experimental results, the area of the drilled holes evaluated by the ImageJ analysis software after the initial increase further decreased with the number of pulses (Fig. 3) . Fig. 4 Variation of the holes diameter as a function of the peak laser fluence processed by using the NL220 laser at the low number of laser pulses. After the experiments with the high pulse energy and low repetition rate laser NL220 it was switched to the high repetition rate low pulse energy laser NL15100 ( Table 1) because using low pulse energy and thousands of laser pulses showed a better ablation quality. The high repetition was chosen in order to shorten the overall processing time.
Processing by using the NL15100 laser
The typical cross-sections, representing the shape of drilled holes, are shown in Fig. 6 . The increase in fluence during laser irradiation led to the decrease of the nickel amount in the spatter layer. One can note that applying the irradiation dose higher than 8 J/cm 2 resulted in the evaporation and ejection of the melted material from the bottom part of the coating. At the higher irradiation doses one can note an increase of alumina (substrate material) at the edges of the holes.
The EDX mapping results are presented in Fig. 8 . The EDX mapping analysis was done on the marked area of the SEM image. The elemental distribution on the surface of Ni/NiO (upwards) and ZrO (hereunder) is presented. The elemental concentration in the EDX mapping photos is correlated with a grey scale -the lighter areas in the photos represent higher concentration of the element.
Results and discussion
As it was presented in the experimental part, the holes in the YSZ-NiO-Ni coatings were produced applying different laser parameters (the same laser fluence, but different amount of pulses and the same count of pulses, but different laser fluence). In both cases the same dose of irradiation was collected, but with a different impact duration. In both cases it was observed that after the initial increase, the hole diameter further decreased with the increase of the irradiation dose (Fig. 3) . The values of the hole area, produced with the irradiation dose lower than 50 J/cm 2 , are widely dispersed. Due to the low absorbance low irradiation fluencies (<6 J/cm 2 ) affected only the uppermost surface layer and it was difficult to define the hole diameter.
Only the holes drilled at higher fluence (>6 J/cm 2 ) were measured and analyzed by means of SEM and "ImageJ". One should note that the area of the holes drilled with the higher irradiation dose demonstrates a clear tendency to decrease. The dispersion of the hole area at lower irradiation doses can be explained by the surface roughness effect. At lower intensities of laser irradiation (and corresponding longer time of exposure) due to the thermal mechanism [18, 19] a larger surface of coating is affected.
While at the higher irradiation doses, deeper layers of the coatings are affected and resputtering effects come into play, the ejected material is deposited on the edges of the holes [21] resulting in the decrease of the area of the drilled hole. The holes in the experiment were produced at ambient atmosphere pressure; therefore sputtered droplets of the material are expected to be deposited at the edges of the holes. This is represented in the model sketch (Fig. 9) . This model is confirmed by the EDX analysis of composition of the spatter. One can see (Fig. 7) that the nickel content obviously decreases with the increase of fluence, meanwhile the concentration of alumina (substrate material) increases -irradiation step by step produced a hole in the coating and material of the substrate appeared on the top of the coating. Even for a low irradiation dose (4 J/cm 2 ) alumina was registered on the surface. The alumina concentration increased onto the coating surface, because the coating was completely drilled through and further irradiation of the samples led to the drilling of the alumina substrate. The deposition of alumina onto the surface of coating resulted in the increase of the oxygen concentration onto the surface (Fig. 7) with the irradiation dose. Thus, the presence of alumina onto the surface can be treated as indirect evidence of the effective via drilling. As can be seen in Fig. 7 nickel, oxygen and aluminum concentrations on the surface reach the equilibrium values at 50 J/cm 2 (and higher) irradiation dose. This fact demonstrates that the effective drilling of 20 μm thick YSZ-NiO-Ni coatings stops with the 50 J/cm 2 irradiation dose. Further irradiation affects the substrate and at the irradiation dose over 50 J/cm 2 only slight changes of elemental composition can be observed. Nevertheless from the EDX mapping (Fig. 8) it is obviously seen that in the melted coating area YSZ and Ni/NiO elements are uniformly distributed and may compose a two-phase boundary (ionic/electronic conductor) [1] .
Almost all the drilled holes independently of the applied laser fluence and the number of pulses were irregular in shape (Fig. 3) . The irregular shape of the drilled holes (as it was observed in [22] as well) basically can be explained by the different light absorption by elements of the cermet coating. The absorbance of Ni is higher and the melting temperature is lower than that for the rest of the components. This can also be reason that the rate of energy deposition was found to be an important factor in shape control of the drilled holes. These hole-shape variations can be related to the compositional changes of the irradiated regions located near the edges of the holes (or craters produced by the laser beam) as well as surface roughness.
Conclusions
In conclusion, YSZ-NiO-Ni porous coatings (20 μm thickness) were synthesized onto alumina substrates by the plasma spray method. It has been shown that laser drilling can be applied for structuring of the YSZ-NiO-Ni cermets coating. The critical laser irradiation dose (8 J/cm 2 ) was found to be necessary for production vias in the coating. A further increase of the laser irradiation energy leads to the decrease of the effective hole area due to re-sputtering effect and ejection of the material from the deep to the top layer of the coating. The laser micro-structuring technique enables enhancement of the porosity of coating which determines the increment of the three-phase boundary.
